Molecular chaperones are thought to inhibit off-pathway interactions such as aggregation from occurring without influencing the on-pathway formation of native structure. Here, we present a mechanism whereby the family of PapD-like chaperones, which are involved in the formation of adhesive pili in pathogenic bacteria, function by suppressing aggregation while simultaneously catalyzing the folding of subunits that make up the pilus. We also show that the Arg-8 residue, invariant in the cleft of all known PapD-like chaperones, makes up part of the active site of the chaperone. The data argue for a temporal mechanism of catalyzed folding. The terminal carboxylate group of a pilus subunit anchors to the active site of the chaperone by hydrogen bonding. This bonding spatially fixes the COOH terminus of the subunit in the correct context for ␤-sheet formation, using the edge of the NH2-terminal domain of the chaperone as a nucleation site.
Molecular chaperones are thought to inhibit off-pathway interactions such as aggregation from occurring without influencing the on-pathway formation of native structure. Here, we present a mechanism whereby the family of PapD-like chaperones, which are involved in the formation of adhesive pili in pathogenic bacteria, function by suppressing aggregation while simultaneously catalyzing the folding of subunits that make up the pilus. We also show that the Arg-8 residue, invariant in the cleft of all known PapD-like chaperones, makes up part of the active site of the chaperone. The data argue for a temporal mechanism of catalyzed folding. The terminal carboxylate group of a pilus subunit anchors to the active site of the chaperone by hydrogen bonding. This bonding spatially fixes the COOH terminus of the subunit in the correct context for ␤-sheet formation, using the edge of the NH2-terminal domain of the chaperone as a nucleation site.
PapD ͉ PapE ͉ PapD-PapE complex ͉ aggregation M any Gram-negative pathogenic bacteria assemble adhesive fibers called pili on their surface by a mechanism termed ''donor strand complementation͞exchange'' through the chaperone͞usher pathway (1) (2) (3) (4) . All pili assembled by chaperone͞ usher pathways are composed of a variety of subunit types having specialized functions, all of which possess incomplete Ig-like folds demarcated by the absence of a COOH-terminal seventh ␤-strand (1, 3, 5) . In the pilus fiber, the Ig fold of every subunit is completed by an NH 2 -terminal extension donated by a neighboring subunit in a process known as donor strand exchange (3, 6) . Recent studies have begun to reveal that pili have multiple functions that participate in complex host-pathogen interactions, which ultimately can determine the outcome of the infectious process (7) (8) (9) .
The P pilus system is one of the best-characterized fibers assembled by the chaperone͞usher pathway and is produced by pyelonephritic strains of Escherichia coli (10, 11) . The P pilus contains a specialized two-domain adhesin at its tip that is called ''PapG'' (12) . The NH 2 -terminal domain of PapG recognizes a globoside host receptor with stereochemical specificity, which is a critical event in pathogenesis (12) . The COOH-terminal domain is a pilin domain that functions to link the PapG adhesin to the tip of the pilus fiber by the donor strand-exchange mechanism. The two-domain structure of the PapG adhesin likely represents a paradigm for adhesive pili assembled by chaperone͞usher pathways (12) . PapF serves as an adaptor protein, donating an N-terminal extension to complete the Ig fold of the pilin domain of PapG, thus connecting it to a tip fibrillum structure, which is composed of repeating subunits of PapE arranged in an open helical configuration (13, 14) . PapK connects the tip fibrillum to the pilus rod, which is composed of repeating subunits of PapA arranged in a right-handed helical configuration (13) (14) (15) .
In the P pilus system, PapD is the periplasmic chaperone and PapC is the outer membrane usher. Periplasmic chaperones, like PapD, are small (25 kDa) two-domain molecules with the domains oriented together in the shape of a boomerang (16, 17) . The chaperones bind to and form stable complexes with each of the pilus subunits to facilitate pilus biogenesis (18, 19) . The structural basis of how periplasmic chaperones interact with pilus subunits has been defined by x-ray crystallography (1, 3, 20) . The absence of a seventh G ␤-strand results in a deep groove on the surface of the pilin that exposes its hydrophobic core because of the incomplete Ig-like fold. The terminal carboxylate group of the subunit hydrogen-bonds to Arg-8 and Lys-112 in the cleft of the chaperone (21) . Arg-8 and Lys-112 are invariant in the cleft of all known PapD-like chaperones, of which there are hundreds of members (17, 22) , and mutations in these residues completely abolish chaperone function (14, 21, 23) (Fig. 3B  Inset) . The edge G 1 ␤-strand, which lines the cleft side of the NH 2 -terminal domain of the chaperone, fills the subunit groove and partially completes the Ig fold of the subunit in the process of donor strand complementation (24) . The chaperone remains bound to the subunit to prevent subunit aggregation at the wrong time and place in the cell (18) . Chaperone-subunit complexes are then specifically targeted to the usher, facilitating the donor strand-exchange process, whereby the G ␤-strand of the chaperone is exchanged with the free NH 2 -terminal strand of another subunit (13, 25) . The orientation of the G ␤-strand changes with respect to the subunit from a parallel orientation to the subunit F strand when the G strand is donated by the chaperone to an antiparallel orientation when the G strand is donated by a neighboring subunit (20) . This change in orientation is accompanied by a collapse of the subunit from a more expanded conformation when bound to the chaperone to a more collapsed state when bound to a subunit's NH 2 -terminal strand (Fig. 4) . It is therefore only after this exchange process that the subunit actually completes its folding pathway (20) .
The absence of the seventh C-terminal ␤-strand in pilus subunits has long been thought to explain the inability of subunits to fold without the help of a periplasmic chaperone (6) . Some reports have contested that the chaperone assists in subunit-folding (26, 27) . Those reports argued that the subunits fold in a chaperone-independent fashion and that the function of the chaperone was to bind to folded subunits to prevent aggregation. However, those studies (26, 27) did not take into account the effect of the conserved disulfide bond that exists in pilus subunits, and thus the denaturing conditions used were not sufficient to unfold FimH as shown by Barnhart et al. (6) . Here, we used conditions that completely denature subunits and reduce the disulfide bond to show that the mechanism by which PapD inhibits aggregation is also part of a mechanism by which PapD acts as a template to catalyze folding. We also demonstrated that the Arg-8 cleft residue serves as part of the active site of the chaperone by maintaining the subunit in the correct register and allowing the chaperone to serve as a rate-enhancing template. Refolding of reduced PapE NTD (1 M) was done manually in 20 mM Mes͞OH (pH 6) and 10 mM DTT by using a spectrofluorometer (Photon Technology International) with the excitation wavelength set at 295 nm and emission at 330 nm. The final concentration of PapDTrp Ϫ was 10 M. Data were fitted by using KALEIDAGRAPH (Synergy Software, Reading, PA).
Materials and Methods

Results and Discussion
To determine whether the chaperone facilitated subunit-folding, we monitored the changes in the intrinsic fluorescence of Trp-24 in the tip fibrillum subunit PapE during the folding process in the presence and absence of PapD (Fig. 2) . A mutant of PapD in which both tryptophans, Trp-36 and Trp-128, were changed to phenylalanine (PapDTrp Ϫ ) allowed us to monitor solely the fluorescence of Trp-24 in PapE, even in the presence of PapD. The stability of the PapDTrp Ϫ mutant toward the denaturant was slightly less than that of the wild-type protein as determined by CD spectroscopy [⌬G o (kcal͞mol), m (cooperativity index) ϭ 9.3, 3.3; ⌬G o , m (wild type) ϭ 6.2, 1.8 (data not shown) (29, 36) ]. However, this mutant was able to complement a papD Ϫ mutation in the pap gene cluster to restore pilus assembly [assayed by measuring haemagglutination titers of human red blood cells (haemagglutination titer ϭ 64 in both Trp Ϫ and wild-type strains) and by the presence of pili as determined by electron microscopy].
To measure the effect of PapD on PapE-folding, we used PapE NTD . Removal of residues 2-12 from PapE has been shown to be sufficient to prevent subunit-subunit associations that occur during donor strand exchange (20) . As with the PapDPapK and FimC-FimH structures, the PapE NTD subunit is an Ig-like fold that is incomplete, missing the seventh G ␤-strand (Fig. 1) . The chaperone donates its own G 1 ␤-strand from the NH 2 -terminal domain to complete the Ig fold of the subunit (20) .
The PapD-PapE NTD complex was purified as described in ref. 20 , and PapE NTD was separated from wild-type PapD in 5 M urea on a nickel chelate column. In 5 M urea, PapE NTD is unfolded as determined by both CD and fluorescence, because no further spectral changes occur at urea concentrations up to 8 M (data not shown). Previous attempts to refold P pilus subunits from urea were unsuccessful because of the formation of a visible precipitate (6) . Upon dilution of the urea-denatured PapE NTD into buffer (1:11, 5-0.45 M urea), we observed a time-dependent increase in light scattering at concentrations above Ϸ8 M, indicating aggregation of the subunit (Fig. 2A) . However, no increase in light scattering was observed upon dilution of the subunit into buffer containing an equivalent amount of PapDTrp Ϫ or when the concentration of PapE NTD was lowered to Յ1 M. The loss of light scattering in the presence of PapD suggests that PapD prevents the aggregation process, consistent with its role as a molecular chaperone.
The light-scattering data at low concentrations of PapE NTD suggested that we could monitor PapE NTD -refolding at low (20) . PapD is in blue, and the subunit PapE NTD is in green, with the disulfide and tryptophans highlighted. The G strand of the chaperone that occupies the groove of the subunit is shown in red, and the C-terminal strand of the subunit that binds to Arg-8 in the chaperone cleft is shown in yellow. The figure was generated with PYMOL (Delano Scientific, San Carlos, CA).
concentrations (Յ1 M). Fig. 2B shows the spectral changes by fluorescence for PapE NTD at 1 M and indicates that there is a significant change in fluorescence upon dilution to low urea concentrations (excitation wavelength ϭ 295 nm, emission max- ima ϭ 350 nm at 5 M urea, emission maxima ϭ 335 nm at 0.5 M urea). These spectral changes are consistent with the formation of native-like structure. There is only a slight further change in the emission maxima in the presence of an equivalent amount of PapD (emission maxima ϭ 330 nm), indicating that the subunit may achieve a more native-like structure in the presence of PapD but that this change is likely to be small. In equilibrium refolding experiments, we recorded the fluorescence after dilution of PapE NTD (in 5 M urea) to lower urea concentrations. In these experiments, we observed a weakly cooperative transition, indicating that some structure can form at 1.5 M urea or at lower concentrations (Fig. 2C) . In the presence of PapD, the cooperativity of the transition increased, but it was unclear whether this was due to an increase in stability or an effect on the aggregation state of the subunit at lower urea concentrations.
We used stopped-flow fluorescence to monitor the kinetics of folding in the presence and absence of PapD. The kinetics of refolding in the absence of the chaperone (Fig. 3A) indicated that the folding process consisted of two observable phases (t 1/2 ϭ 3.7 and 13.5 s, respectively). The kinetics observed in the presence of PapDTrp Ϫ (Fig. 3A) revealed that the rate of the faster phase increased initially with PapD concentration (t 1/2 ϭ 1.0 s at 5 M PapD) and then remained virtually unchanged at higher concentrations (up to 10 M; Fig. 3B ). The rate of change of the slower phase remained constant, irrespective of the presence of PapD (Fig. 3B) .
Although the rate constants for refolding increased, we also observed an increase in the total amplitude of the fluorescence change (Fig. 3A) . This increase in amplitude is consistent with a possible loss of aggregation of PapE NTD , even at these low protein concentrations. In the presence of increasing PapD, the aggregation goes down, and, at the same time, the rate of folding is increased. Another possibility is that in the absence of PapD, the subunit collapses to an intermediate form, and that in the presence of PapD, a more folded conformation is achieved. The change in the fluorescence spectrum of PapE NTD in the presence of PapD (Fig. 2B) is consistent with this hypothesis.
To confirm that the observed changes for refolding were due to a specific effect from PapD, we repeated the above refolding experiments in the presence of an Arg-8 mutant of PapDTrp Ϫ in which Arg-8 was changed to alanine (Trp Ϫ ͞Arg8Ala). Arg-8 is an invariant residue within the superfamily of chaperones, and mutation to alanine completely abolishes pilus assembly because of a loss of subunit binding (Fig. 3B Inset) (6, 23) . At a final concentration of 20 M, little to no enhancement in the refolding rate is observed in the presence of the Arg8Ala mutant (Fig. 3B) . PapE NTD has a single disulfide bond formed between Cys-15 and Cys-48 in the mature form, and Cys-15 forms part of the A strand, which makes contact with the G 1 strand of the chaperone (Fig. 1 ). This disulfide may provide an artificial nucleus for folding. To determine the importance of the disulfide on the folding of PapE NTD , we conducted the same experiments under reducing conditions (5 M urea and 10 mM DTT). The refolding in the reduced state alone is a very slow process, with two phases corresponding to a t 1/2 of Ϸ41 s and Ϸ7,000 s (Fig. 3C) . In the presence of PapDTrp Ϫ (10 M), only a single slow phase is observed, with a t 1/2 of 13 s, Ϸ500 times faster than the slowest phase of the reduced subunit (Fig. 3C) .
The results presented here provide strong evidence that the unfolded PapE subunit binds rapidly to the bacterial chaperone PapD and that this interaction both prevents aggregation and catalyzes the formation of the Ig fold. Catalysis occurs irrespective of the presence of the disulfide between Cys-15 and Cys-48, although the rate of refolding was slower when the disulfide bond was reduced. Therefore, it is difficult to know whether disulfidebond formation in the subunit precedes chaperone binding or whether the disulfide bond forms as a result of folding on the PapD template, perhaps with the assistance of DsbA (30) . In either case, PapD increases the rate of refolding of the subunit, and this is likely to be critical for subunits that use the chaperone͞usher pathway for their assembly into pili in pathogenic bacteria. Different folding rates or differences in the rates of disulfide-bond formation of different subunits may be important in determining the order of subunit assembly in composite organelles.
The template that the chaperone provides is critically dependent on the Arg-8 residue in the interdomain cleft of PapD, which has been shown to interact with the terminal carboxyl group of the subunits (21) and is essential for chaperone function (Fig. 3B Inset) . Previous reports have incorrectly argued that PapD-like chaperones function solely to prevent aggregation (26) , although, based on experiments similar to those described here, those same investigators now agree that PapD-like chaperones catalyze folding (31) . The consistency in the two reports [ours and that of Vetsch et al. (31) ] reflects the likelihood that catalysis of folding by chaperones is a general mechanism in pilus biogenesis in a wide variety of bacterial pathogens (24) . However, the work presented here describes the molecular basis of the temporal order of folding, taking into account the formation of the conserved disulfide bond and the function of the invariant Arg-8 residue as an active site in the process that probably works in conjunction with the Lys-112 residue to bind unfolded subunits (21, 23) .
We have elucidated specific temporal events that explain the molecular mechanism by which PapD actively folds subunits.
Molecular chaperones are thought to inhibit off-pathway interactions such as aggregation without influencing the on-pathway formation of native structure (32) . Proteins such as the prolyl isomerases (33) or protein disulfide isomerases (34) are thought to catalyze folding in vivo, but it is still unclear what the substrates of these proteins are and whether the substrates that have been identified require a catalyst for folding (35) . Although PapE was used as a model system in these studies, all subunits depend on PapD for their folding in vivo (28) . Fig. 4 presents a model of how we believe the folding of pilus subunits is likely to occur in the presence of PapD. The initial step in the PapDassisted folding mechanism is the anchoring of the carboxyl group of the subunit in the chaperone cleft through Arg-8 (and likely Lys-112). After this initial step, the F and A strands of PapE ''zipper-up'' along either side of the G ␤-strand of the chaperone and form the subunit groove. This folding intermediate, which is in an expanded conformation, provides the correct spatial context for the final folding of the subunit structure that follows (20) . The molecular details of how the subunit interacts with the chaperone and the information gleaned from this study highlight the importance of investigating therapeutics that specifically target the chaperone cleft (22) .
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